Climate change may constrain future electricity generation capacity by increasing the incidence of extreme heat and drought events. We estimate reductions to generating capacity in the Western United States based on long-term changes in streamflow, air temperature, water temperature, humidity and air density. We simulate these key parameters over the next half century by joining downscaled climate forcings with a hydrologic modeling system. For vulnerable power stations (46% of existing capacity), climate change may reduce average summertime generating capacity by 1.1-3.0%, with reductions of up to 7.2-8.8% under a ten-year drought. Currently, power providers do not account for climate impacts in their development plans, meaning that they could be overestimating their ability to meet future electricity needs.
Electric power generation can be disrupted by adverse climatic conditions. Although vulnerabilities are specific to each generation technology, capacity reductions are most likely to occur during extreme heat and drought events [1] [2] [3] [4] . During drought conditions, when streamflow is low and temperatures are high, "base-load" coal and nuclear power plants may lack the necessary cooling water to generate at full capacity 1, 5 . Insufficient streamflow can also limit electricity production at hydroelectric dams 2 . Peaking technologies-like gas turbines 4 , solar cells 6 , and wind turbines 7 -are vulnerable to acute changes in atmospheric parameters like air temperature.
Drought-and heat-related capacity reductions are especially problematic, because they are likely to occur during periods of high electricity demand 3, 4 . . Wind turbine performance depends on wind speed and air density 7 . In all, six parameters are required to assess impacts on power generation: (i) streamflow, (ii) stream temperature, (iii) air temperature, (iv) vapor pressure, (v) wind speed and (vi) air density. For turbine-based technologies, we apply energy and mass balances to the generator and cooling system to relate achievable capacity to hydro-climatic parameters. For photovoltaic cells, an empirical approach is used. Equations relating generation capacity to hydro-climatic factors can be found in Supplementary Section S2.1. Impacts to existing facilities are considered to be representative of future impacts, given that base-load coal, nuclear and gas facilities are expected to retain 85% of their capacity by 2040, and no cumulative retirements are expected for combustion turbine or renewable generation sources 14 . We evaluate impacts to generating capacity at peak load conditions, because this is when power systems are likely to experience the greatest strain (see Supplementary Section S5.1). Under these conditions, both "base load" and "peaking" generation sources are likely to be deployed, meaning that impacts to either generation mode will affect overall electricity reliability.
Hydro-climatic parameters are modeled at a daily time step for both the historical period Even in an average year, climate change is expected to have significant impacts on electricity generation capacity; however, the most serious constraints to electricity supply will likely result from extreme drought events. By mid-century, a ten-year drought event may reduce summertime capacity by 6.6-8.0 GW (3-4% of existing WECC capacity). Power providers 8 typically characterize vulnerability in terms of "planning reserve margin" (PRM), which represents the percent of electricity supply "left over" after meeting demand. While PRM is not directly used to predict the incidence of blackouts, brownouts or electricity price increases, it is widely used as a first-order estimate of electricity supply adequacy. WECC anticipates a PRM of 18% for the year 2023 22 . However, PRM does not explicitly account for the effects of climate change, meaning that current forecasts could be overly optimistic. Based on anticipated impacts to existing vulnerable capacity, PRM could be reduced from 18% to 14% during a future ten-year drought event. This estimate does not account for vulnerabilities in planned capacity additions.
Generating capacity is expected to reach 273 GW by 2040, with combustion turbines and renewables accounting for the majority of planned additions-41% and 53%, respectively 14 .
Assuming that impacts to planned capacity are similar to average impacts on existing capacity, planned additions could experience capacity reductions of 1.8-2.5 GW under a ten-year event.
This means that in the case of a ten-year drought, power providers could be overestimating PRM by as much as 20-25%. Failure to account for climate-driven capacity reductions could result in periods of constrained electricity supply. Currently, power providers do not account for climate impacts in their development plans, meaning that they could be significantly overestimating their ability to meet future electricity needs. Given that the West is expected to experience greater electricity demand due to rapid population growth and elevated air temperatures, the WECC grid will likely be operating closer to the margin for longer periods of time. Under these constraints, greater efforts must be made to "climate-proof" our power grid-by strengthening transmission capacity, encouraging conservation strategies, investing in more resilient renewable energy sources, and accounting for local climatic constraints when siting new generating facilities.
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